Objective: The purpose of this study was to investigate the genetic effects of six keratin (KRT) genes on the wool traits of 418 Chinese Merino (Xinjiang type) (CMXT) individuals. Methods: To explore the effects and association of six KRT genes on sheep wool traits, The polymerase chain reaction-based single-strand conformation polymorphism (PCR-SSCP), DNA sequencing, and the gene pyramiding effect methods were used. Results: We report 20 mutation sites (single-nucleotide polymorphisms) within the six KRT genes, in which twelve induced silent mutations; five induced missense mutations and re sulted in Ile→Thr, Glu→Asp, Gly→Ala, Ala→Ser, Se→His; two were nonsense mutations and one was a same-sense mutation. Association analysis showed that two genotypes of the KRT31 gene were significantly associated with fiber diameter (p<0.05); three genotypes of the KRT36 gene were significantly associated with wool fineness score and fiber diameter (p<0.05), three genotypes of the KRT38 gene were significantly associated with the number of crimps (p< 0.05); and three genotypes of the KRT85 gene were significantly associated with wool crimps score, body size, and fiber diameter (p<0.05). Analysis of the gene pyramiding effect between the different genotypes of the gene loci KRT36, KRT38, and KRT85, each genotype in a gene locus was combined with all the genotypes of another two gene loci and formed the different three loci combinations, indicated a total of 26 types of possible combined genotypes in the analyzed population. Compared with the other combined genotypes, the combinations CC-GG-II, CC-HH-IJ, CC-HH-JJ, DD-HH-JJ, CC-GH-IJ, and CC-GH-JJ at gene loci KRT36, KRT38, and KRT85, respectively, had a greater effect on wool traits (p<0.05). Conclusion: Our results indicate that the mutation loci of KRT31, KRT36, KRT38, and KRT85 genes, as well as the combinations at gene loci KRT36, KRT38, and KRT85 in CMXT have significant effects on wool traits, suggesting that these genes are important candidate genes for wool traits, which will contribute to sheep breeding and provide a molecular basis for improved wool quality in sheep.
INTRODUCTION
Sheep farming is an important component of animal husbandry, and many researchers in developed and developing countries are now considering it as a career. The efficiency of wool processing is dependent on the consistency of wool fiber. Although selective breeding of sheep has partly reduced the variation in wool fiber, considerable variation both within and between fleeces still exists [1] ; therefore, accelerating the efficiency of wool breeding is very important to the sheep industry. Chinese Merino (Xinjiang type) (CMXT), bred in 1985, is an excellent wool sheep breed in China, with characteristics of large body size, high density, white hair, and wool fineness between 60 and 70 count.
Hair and wool, produced from follicles, are skin appendages unique to mammals that are characterized by periodic regrowth [2] . Keratins (KRTs) and keratin-associated proteins (KAPs) are a large heterogeneous group of proteins that make up about 90% of the wool fiber [3] . The primary function of keratins is to protect epithelial cells from mechanical and nonmechanical stresses that can lead to cell death. Other emerging functions include roles in cell signaling, stress response, and apoptosis, as well as unique roles that are keratin specific and tissue specific [4] . The fibers are comprised primarily of keratin proteins, which are encoded by KRT and KAPs [5] . Although many of the keratin proteins are homologous [6] , there is variation at the DNA level. Genetic variation in the keratin and keratin-associated protein (KRTAP) genes has been reported in many studies [7] [8] [9] [10] , with some authors suggesting that this variation contributes to phenotypic differences in wool [11] . This genetic diversity could have an impact on the structure of wool fiber; therefore, variation in these genes, and the proteins they encode could underpin variation in wool traits.
Keratin intermediate filament (KRT-IF) is composed of type I and II keratins; a labeled keratin intermediate filament type II (KIFII) gene was introduced into sheep and the wool quality obtained from transgenic sheep was significantly improved, with the wool fiber exhibiting high gloss and significant flexibility [12] . The quantitative trait locus affecting wool strength in Romney sheep is located on chromosome 11, and is linked to KRT1.2, B2A, and B2C (high-sulphur wool matrix protein B2A and B2C) [13] . The wool follicle genes as KRT31, KRT33a, KRT35, KRT38, KRT81, KRT83, KRT85, and KRT86 expressed in sheep keratin gene reported by [14] [15] [16] [17] . In human hair, the keratin KRT38 gene is distributed in the cortex cells of the cortex layer, which is composed of microfibrils and macrofibrils of hair fibers [18] . The K2.9, K2.11, K2.10, and K2.12 genes are the first keratin genes to be expressed, and their transcription products are expressed in the upper part of the hair bulb [19] .
The main objective of this study was to analyze the possible polymorphisms in 17 primer fragments of six candidate genes of the keratin family, including KRT27 (exons 3 and 8, introns 2 and 5), KRT31 (intron 2), KRT36 (exons 1, 2, and 3), KRT38 (exon 3, introns 2 and 7), KRT81 (exons 1 and 2, introns 1 and 3), KRT85 (exon 3, intron 2) in CMXT using the polymerase chain reaction-based single-strand conformation polymorphism (PCR-SSCP) and DNA sequencing methods. Association between the identified polymorphism sites, as well as the combined genotypes, with wool traits (staple length, wool crimps score, number of crimps, wool fineness, body size, live weight after shearing, greasy weight, fiber diameter, and coefficient of variation) were tested by least-square analysis. These findings provide a scientific basis for the improvement of wool traits through marker-assisted selection (MAS).
MATERIALS AND METHODS

DNA samples and wool traits
Genomic DNA samples were obtained from 418 healthy CMXT, which were reared at Gonaisi Fine Wool Sheep Breeding Farm, Xinyuan county, (Latitude 43°03′-43°41′N, Longitude 82°28′-84°56′E), Xinjiang Province, China. These 1-year-old sheep were from different groups, but were subjected to uniform feed and management. Genomic DNA was extracted from blood samples using the phenol-chloroform extraction method and stored at -80°C. Records of wool traits (staple length, wool crimps score, number of crimps, wool fineness, body size, live weight after shearing, greasy weight, fiber diameter, and coefficient of variation) were collected for association analysis. Single-stranded conformation polymorphism and DNA sequencing: The SSCP method was used to scan for mutations within the amplified regions. All PCR amplifications were subjected to SSCP analysis. Aliquots of 10-μL PCR products were mixed with a 10-μL denaturing solution (95% formamide, 25 mM ethylene diamine tetraacetic acid (EDTA), 0.025% xylene-cyanole, and 0.025% bromophenol blue), heated for 10 min at 98°C, and chilled on ice immediately. Denatured DNA was subjected to 10% non-polyacrylamide gel electrophoresis analysis run with 1× Tris-borate-EDTA (TBE) buffer for 10 to 18 h at a constant temperature of 4°C after a pre-run at 300 V for 30 min and under a constant voltage of 180 V. The gel was stained with 0.1% silver nitrate [20] and visualized with 2% NaOH solution (containing 0.1% formaldehyde). Following the detection of polymorphisms, PCR products from different electrophoresis patterns were sequenced by the Shanghai 
Primer design and polymerase chain reaction amplification
Statistical analysis
Based on the genotypes of 17 KRT fragments in the analyzed population, genotype frequencies, allele frequencies, and Hardy−Weinberg equilibrium were calculated. The population genetic indices, such as He (gene heterozygosity), Ho (gene homozygosity; Ho+He = 1), and Ne (effective allele numbers; reciprocal of homozygosity) were calculated using the PopGene software (version 3.2, University of Alberta, Edmonton, AB, Canada). The polymorphic information content (PIC) was calculated using the method described by [21] . A chi-square test was applied to identify statistical significance, which was performed using SAS 8.1 software (SAS Inc., Cary, NC, USA) [22] . Associations between different genotypes and wool traits were analyzed by analysis of variance (SAS 8.1 software general linear model procedure) using the following model:
Where, Y ijn is the observed value of the trait, μ is the overall population mean, g i is the gene effect, q j is the group effect, and e ijn is the random error.
Associations between the different genotypes in the polymorphic fragments and wool traits were analyzed using SAS 8.1 software (SAS Inc., USA). Genetic analysis of the combined genotypes effect model was as follows:
Where, Y ijn is the observed value of the trait, μ is the overall population mean, gI is the KRT36 gene effect, gII is the KRT38 
RESULTS
Polymorphisms in six KRT genes in CMXT sheep
In this study, PCR-SSCP and DNA sequencing methods were used to identify polymorphisms in the sheep KRT27, KRT31, KRT36, KRT38, KRT81, and KRT85 genes. Only one SSCP genotype was identified in the P1, P2, P3, and P4 fragments of KRT27, P6 and P7 fragments of KRT36, P9 fragment of KRT38, P12, P13, P14, and P15 fragments of KRT81, and P17 fragment of KRT85.
In the P5 fragment of KRT31 gene, two unique SSCP genotypes were observed (named AA and AB, Figure 1A) . Comparison with the nucleotide sequence of the cattle KRT31 gene (GenBank Accession number AC_000176 [521074]) revealed the presence of a mutation: IVS2+50-52insG ( Figure  2A ). The frequencies of genotypes AA and AB were 0.40 and 0.60, respectively. Correspondingly, the frequencies of alleles A and B were 0.70 and 0.30, respectively, the analyzed population was in Hardy−Weinberg equilibrium (p>0.05).
In the P8 fragment of KRT36 gene, three unique SSCP banding patterns were observed (named CC, CD, and DD, Figure 1B) . Based on the nucleotide sequence of the cattle KRT36 gene (GenBank Accession number AC_000176 [520668]), three mutations were detected in the P8 fragment. Among these mutations, EX3_62delA showed a silent mutation, EX3_ 63T/A showed a missense mutation leading to the changes Se→His, and EX3_83A/T showed a nonsense mutation ( Figure 2B ). The frequencies of genotypes CC, CD, and DD were 0.23, 0.21, and 0.56, respectively. Correspondingly, the frequencies of alleles C and D were 0.34 and 0.66, respectively, in the analyzed population, with Hardy−Weinberg equilibrium (p>0.05).
In the P10 and P11 fragments of KRT38 gene, three SSCP genotypes were identified (named EE, EF, and FF, Figure 1C,   1D ). In the P10 fragment, the amplified polymorphic DNA fragments were sequenced and two mutations (IVS2+85G/A and IVS2+95C/T) were revealed. The frequencies of alleles E and F were 0.58 and 0.42, respectively, in the population, with Hardy−Weinberg equilibrium (p>0.05) ( Figure 2C ). Eleven mutations were detected in the P11 fragment. Among all mutation sites, EX7_93T/C, EX7_97A/C, EX7_112A/T, and EX7_ 126G/T showed missense mutations leading to the changes Ile→Thr, Glu→Asp, Gly→Ala, and Ala→Ser ( Figure 2D ). EX7_ 111G/C, EX7_113G/A, EX7_117C/A, EX7_118T/A, EX7_ 119T/C, EX7_120G/A, and EX7_121delC were silent mutations. The frequencies of alleles G and H were 0.59 and 0.41, respectively, and the analyzed population was in Hardy− Weinberg equilibrium (p>0.05).
In the P16 fragment of KRT85 gene, three SSCP banding patterns were found, named II, IJ, and JJ, respectively, Figure  1E . In order to better characterize genetic variation of the P16 fragment within the sheep KRT85 gene, the amplified polymorphic DNA fragments were sequenced and three mutations (a silent mutation EX3_49delA, a nonsense mutation EX3_ 210G/A, and a same-sense mutation EX3_354G/A), were detected ( Figure 2E ). The frequencies of alleles I and J were 0.70 and 0.30, respectively, in the population, with Hardy− Weinberg equilibrium (p>0.05).
Analyses of the six KRT genes diversity in CMXT sheep
Using the PopGene software (version 3.2) and the Botstein method, the population genetic indices (Ho, He, Ne, and PIC) of six KRT genes were estimated and are shown in Table 2 . Hence, values for Ho varied from 0.51 to 0.58; He varied from 0.42 to 0.49; and Ne varied from 1.72 to 1.95. According to the classification of PIC (low polymorphism if PIC<0.25, medium polymorphism if PIC 0.25<PIC<0.5, and high polymorphism if PIC>0.5), the analyzed population possessed moderate genetic diversity at the five fragments, which are suitable for use as genetic markers in molecular breeding [23] . Genetic diver- sity is essential for species preservation and for improvement by selective breeding.
Association of the KRT31, KRT36, KRT38, and KRT85 genes polymorphisms with wool traits in CMXT sheep
We analyzed the associations of 17 primer fragments in six KRT genes with wool traits in CMXT (n = 418). The results of the association analyses between single markers and wool traits are shown in Table 3 . As no polymorphisms were found in the P1, P2, P3, P4, P6, P7, P9, P12, P13, P14, P15, and P17 fragments, these were not considered in the association analysis. However, a statistically significant association between two genotypes of the P5 fragment and fiber diameter was found in the analyzed population. Individuals with the AA genotype showed significantly (p<0.05) greater fiber diameter than those with the AB genotype. Statistically significant associations between three genotypes of the P8 fragment with wool fineness score and fiber diameter were also found in the analyzed population. Individuals with the CC genotype showed significantly (p<0.05) higher wool fineness score than those with the CD and DD genotypes.
No significant association (p>0.05) was observed between wool traits and different genotypes of the P10 fragment; therefore, these results indicate that this fragment might contain a neutral mutation. Moreover, a significant association between three genotypes of the P11 fragment and number of crimps was found in the analyzed population. Compared to the GH and HH genotypes of the P11 fragment, the GG genotype resulted in a significantly (p<0.05) higher number of crimps. Finally, statistical analysis showed that individuals in the analyzed population with the JJ genotype had a significantly (p<0.05) greater wool crimps score, body size, and fiber diameter than those with the IJ and II genotypes at fragment P16. Therefore, the sheep KRT31, KRT36, KRT38, and KRT85 genes had significant effects on wool traits, suggesting these are potential candidate genes for wool traits in MAS.
Association analysis of combined genotypes of KRT36, KRT38, and KRT85 genes with wool traits in CMXT sheep Many studies have investigated the association between gene polymorphisms and the wool traits; however, few have studied the effects of combined genotypes. Considering that intragenic allele interactions might exist in genes [24] , the associations between combinations of genotypes and wool traits in CMXT were also analyzed (Table 4 ). Combined genotypes indeed had more profound impacts than the individual genotypes [25, 26] . Based on the analysis of the combined genotypes of KRT36, KRT38, and KRT85, a total of 26 superior combined genotypes were found in the analyzed population, among which the combined genotype DD-GG-II was dominant. Individuals with the combined genotypes CC-GG-II had longer staple length, those with the combined genotypes CC-HH-IJ had a higher wool crimps score and number of crimps, individuals with combined genotypes CC-HH-JJ had higher wool fineness, individuals with combined genotypes DD-HH-JJ had higher body size, individuals with combined genotypes CC-GH-IJ had greater live weight after shearing, individuals with combined genotypes CC-GH-JJ had higher greasy weight, fiber diameter, and coefficient of variation, Therefore, these 
DISCUSSION
In recent years, there have been a few domestic studies on sheep and goat KRT genes, and more reports on the cloning and expression of these genes. For example, goat keratin intermediate-filaments type I (KIFI) genes have been cloned, and homology of its exon 1 encoding 116 amino acids, with that of sheep, cattle, horse, and mouse was 98%, 90%, 88%, and 84%, respectively. The role of the KIFI gene in sheep and goat needs to be further investigated [27] . A full-length cDNA library was constructed from the skin tissue of Xinji fine wool sheep [28] , and the expressed sequence tags showed that the KRT27 gene may affect the performance of wool traits. Using RT-PCR to detect differences in the expression of the KRT26 gene in the skin tissue of superfine and fine merino sheep, revealed that the level of KRT26 expression was lower than that in fine wool sheep [29] .
In the present study, PCR-SSCP and genomic DNA sequencing methods were used to screen for genetic variation in different exons and their flanking regions within sheep KRT27, KRT31, KRT36, KRT38, KRT81, and KRT85 genes. The results revealed 20 mutation sites, IVS2+50-52insG, EX3_62delA, IVS2+85G/A, IVS2+95C/T, EX7_113G/A, EX7_117C/A, EX7 _118T/A, EX7_119T/C, EX7_120G/A, EX7_121delC, EX3_ 49delA, and EX7_111G/C, which showed silent mutations; among all mutations, EX7_93T/C, EX7_97A/C, EX7_112A/T, EX7_126G/T, and EX3_63T/A, showed missense mutations resulting in Ile→Thr, Glu→Asp, Gly→Ala, Ala→Ser, and Se→His; nonsense mutations EX3_83A/T and EX3_210G/A; and a same-sense mutation EX3_354G/A. An association between different genotypes of KRT31, KRT36, KRT38, and KRT85 and wool traits in CMXT was established in this study. These data strongly suggest that gene polymorphisms may represent genetic markers that could be used for the breeding of new sheep breeds. Results of the combined genotypes analysis indicated that a group of six combined genotypes for CMXT polymorphisms led to the appearance of better wool traits, including staple length in the CC-GG-II genotype, wool crimps score and number of crimps in the CC-HH-IJ genotype, wool fineness in the CC-HH-JJ genotype, body size in the DD-HH-JJ 
